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ABSTRACT: Continuous, one-dimensional (1D) stretchable conductors have attracted
significant attention for the development of wearables and soft-matter electronics.
Through the use of advanced spinning, printing, and textile technologies, 1D stretchable
conductors in the forms of fibers, wires, and yarns can be designed and engineered to meet
the demanding requirements for different wearable applications. Several crucial
parameters, such as microarchitecture, conductivity, stretchability, and scalability, play
essential roles in designing and developing wearable devices and intelligent textiles.
Methodologies and fabrication processes have successfully realized 1D conductors that are
highly conductive, strong, lightweight, stretchable, and conformable and can be readily
integrated with common fabrics and soft matter. This review summarizes the latest
advances in continuous, 1D stretchable conductors and emphasizes recent developments
in materials, methodologies, fabrication processes, and strategies geared toward
applications in electrical interconnects, mechanical sensors, actuators, and heaters. This
review classifies 1D conductors into three categories on the basis of their electrical
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responses: (1) rigid 1D conductors, (2) piezoresistive 1D conductors, and (3) resistance-stable 1D conductors. This review
also evaluates the present challenges in these areas and presents perspectives for improving the performance of stretchable 1D

conductors for wearable textile and flexible electronic applications.

KEYWORDS: stretchable conductor, one dimension, conductivity, resistance stability, structural design, wearable electronics,

fabrication technologies, wearable textiles

INTRODUCTION

With the fast-growing demand for wearable electronics, efforts
are being made to develop ideal conductors with excellent
electrical conductivity and stretchability.' "> Wearable devices,
whether attached to the human body or embedded within
clothing materials, are subject to the strains of physical
movement.'*">> Therefore, their constituent materials must
have sufficient stretchability to meet the demands of
wearability and mass production in the near future.**”*
Wearable products in stretchable electronics are expected to
gain attraction in the market with the advancements of
fundamental research in stretchable electronics and the
development and adoption by key industry players. This
alignment of industrial interest and adaptation with scientific
research advancement is one of the major drivers for the
growth of stretchable electronics in the marketplace.
Stretchable one-dimensional (1D) conductors are essential
building blocks to realize textilelike wearable devices because
of their small size, continuity, high surface area to volume ratio,
high electrical conductivity, stretchability, and lightweight
property. They can be used as an interconnection of various
functional elements or as an electronic element in textile-based
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devices. In addition, they can be mass-produced and integrated
by high-speed melt spinning or wet spinning into two-
dimensional (2D) fabrics and three-dimensional (3D)
products.

In recent years, progresses in various types of 1D conductors
have been reviewed from different contexts. For instance, the
preparations, properties, emerging applications, opportunities,
and challenges of carbon nanomaterials, including carbon
nanotube (CNT) and 5graphene-based fibers, have been
thoroughly reviewed.”’™*> These carbon-nanomaterial-based
fibers are excellent material platforms for flexible fiber-type
actuators, motors, multifunctional textiles, and energy storage
devices.>*™° In addition, key conducting polymer materials
and other promising candidates have also been extensively
summarized in terms of fiber spinning methods, properties,
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Figure 1. Characteristic properties and diverse applications of stretchable 1D conductors in wire, fiber, and yarn forms. Image “Stretchable
cable for charges”: reprinted with permission from ref 48. Copyright 2013 John Wiley and Sons. Image “Mechanical sensor”: reprinted with
permission from ref 49. Copyright 2015 John Wiley and Sons. Image “Torsion actuator”: reprinted with permission from ref 50. Copyright
2015 Springer Nature. Image “Stretchable light emitter”: reprinted with permission under a Creative Commons Attribution 4.0 International
(CC BY 4.0) License from ref 51. Copyright 2018 The Authors. Image “Wearable circuit”: adopted from http://www.kobakant.at/DIY/.
Image “Wearable heater”: reprinted with permission from ref 52. Copyright 2016 The Royal Society of Chemistry. Image “Stretchable thin-
film transistors”: reprinted with permission under a Creative Commons CC BY License from ref 53. Copyright 2015 The Authors. Image
“Biosensor system”: reprinted with permission under a Creative Commons CC BY License from ref 20. Copyright 2021 The Authors.

Metallic coating
Metal, conductive polymer

or carbon nanomaterial Nonconductive core

Nonconductive natrix

Conductive filler

Conductive C%
C} Nonconductive core

Nonconductive sheath Conductive sheath

Figure 2. Schematic illustration of typical architectures of 1D fiber conductors: (left to right) intrinsic fiber conductor, metal-clad fiber

conductor, composite fiber conductor, and coaxial fiber conductor.

and applications. In particular, their electrical conductivity and
mechanical properties have improved to the level of carbon-
based fibers for applications in sensors, actuators, neural
recordings, and smart textiles.>® At the same time, conductive
polymer fibers have demonstrated more possibilities in yarns
and textiles for electrochemical energy storage and tissue
engineering.37_39 In addition, the assembly of the above-
mentioned 1D conductors toward smart electronic textiles has
been summarized to drive the development of wearable
electronics.**™**

Textiles typically consist of hierarchical structures at
multiple scale levels of fibrils, fibers, yarns, fabrics, and their
final products.%_47 The introduction of desired mechanical
and electrical features at the fiber level is an eflicient, yet
overlooked, approach toward soft electronics. Therefore, this

review mainly focuses on the outstanding characteristics of
stretchable 1D conductors at the fiber level. To date,
“stretchable” and “1D” conductors have not been systemati-
cally evaluated, albeit because the classification of stretchable
1D conductors has not been clearly defined. This review fills
these gaps by focusing on recent progress in continuous, 1D,
and stretchable conductors to provide in-depth coverage of
materials, synthesis methods, fabrication processes, perform-
ance and applications, and their potential impact. One
emphasis is to summarize the strategies with structural
engineering approaches (coaxial, crack-based, etc.) to confer
superior stretchability to the 1D conductors. Furthermore,
with excellent stretchability, more potentially promising
contributions of 1D conductors to wearable electronics are

highlighted.
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Figure 3. Strategies toward high stretchability. (a) Deterministic free-standing geometries in 3D and 2D. (b) Composite with elastomer. The
stretchable composite fiber is prepared by (1) mixing conductive filler with elastomer and followed by spinning or (2) infusing conductive
aerogel/foam with elastomer, which is then shaped into fibers. (c) Fragmentation. (d) Prestrain-then-buckling. (e) Encased liquid metal in

an elastic channel. (f) Twisting of a conductive yarn.

Overall, from the perspective of the selection of materials for
1D conductors, this review focuses on conductive polymer
fibers, carbon-nanomaterial-based (CNT and graphene) fibers,
conductive coaxial fibers, and conductive composite fibers.
From the perspective of device performance and fabrication,
this review summarizes preparation strategies for stretchable
electronics, including stretchable interconnects; deformable
and wearable mechanical sensors; tensile and rotational
actuators; and wearable heaters (Figure 1).

ESSENTIAL FEATURES OF THE 1D CONDUCTOR

Architecture. 1D conductors can be prepared in different
architectures, dimensionalities, and compositions (Figure 2).

Intrinsic 1D Conductor. Intrinsic conductors are prepared
from highly conductive species, such as metals, conductive
polymers, and carbon nanomaterials. Different methodologies
and processes can shape these electrically conductive materials
into the 1D fiber, wire, and yarn conductors. However, these
1D conductors in their pure solid-state compositions are
typically not stretchable or are very limited in stretchability.
For example, metallic wires are the most conductive among all
1D conductors and excellent as electrical interconnects in civil
engineering, but their nonstretchable nature and high density
limit their use in stretchable electronics. Carbon fiber is a
wonder 1D conductor, especially in high-modulus composite
laminates, but is also not stretchable. The emergence of CNT
and graphene-based fibers in the past decade is mainly ascribed
to the need to develop wearable energy-storage applications.
Although CNT fibers have significantly higher electrical
conductivity than carbon fibers, their strength and modulus
are 1 order of magnitude lower than carbon fibers. Some metal
or carbon-based 1D conductors may be stretched reversibly at
low strains (<3%), but most undergo brittle failure.

19812

Metal-Clad 1D Conductor. Commercial metal-clad fibers
contain a polymeric or metallic core within metallic coatings in
different forms and are used in applications that range from
textiles to aerospace wiring. Metal-clad polymer fibers can have
the feel of flexible polymer fibers paired with the conductivity
of copper wires. Although their production cost is low, these
fibers can quickly lose electrical conductivity when stretched.

Composite 1D Conductor. Melt or wet spinning of
conductive nanomaterials or nanofillers in an elastomer
polymer matrix offers a way to prepare stretchable 1D
conductors. Typical conductive nanomaterials are metal
nanoparticles or nanowires, CNTs, graphene, and conductive
polymers, which can be oriented along the fiber direction
under an applied mechanical strain. High electrical con-
ductivity can also be achieved with a high loading of
conductive nanoparticles in the elastomer matrix.

Coaxial Structured 1D Conductor. The coaxial config-
uration makes it feasible to realize a stretchable 1D conductor
with resistance stability under applied strain: a nonconductive
sheath-wrapped conductive core or a conductive sheath-
wrapped nonconductive core. The inner or outer parts
structure could be engineered to realize high stretchability
and resistance stability.

Strategies toward High Stretchability. Conductive
materials can be rendered stretchable by six general strategies
(Figure 3). Some categories are deterministic of the
conducting materials, while others are aided with elastomers
and a few with overlapping concepts.

Deterministic Free-Standing Geometries in 3D and 2D.
The helical spring or coil structures have been used for
centuries to form elongated structures on the basis of bending.
The capability of this simple structure to develop a stretchable
1D conductor has continued to grow. Both hard (metallic

https://doi.org/10.1021/acsnano.2c08166
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Figure 4. Timeline showing key developments of continuous 1D conductors in three categories: rigid 1D conductor, piezoresistive 1D

conductor, and resistance-stable 1D conductor.

wire) and soft (conductive polymer) 1D conductors can be
shaped into either 3D helical spirals or coils to enable material
to elongate in response to stress without changing electrical
conductivity (Figure 3a). Making 2D wavy structures,
serpentine meshes, and intentionally fractal structures out of
metal traces is generally compatible with conventional
microfabrication techniques. However, the rigid nature of
metals limits the ultimate strain before failure. These free-
standing 2D stretchable structures are also incapable of
recovering after reaching the ultimate elongation. Generally,
1D conductors based on 3D coiled structures are more
stretchable than those with wavy or meandering structures
because the 3D structure can restrain the local stresses formed
in the 1D conductor upon stretching. In all cases, these 2D and
3D structural approaches take indirect paths and require more
materials.

Elastomer Composites. Composite fibers are usually lower
in conductivity than conductive nanomaterial fillers because of
the presence of the nonconductive matrix. There are two
general routes to produce a stretchable yet highly conductive
1D composite conductor (Figure 3b). One is to blend
conductive nanomaterials with an elastic matrix, then melt or
wet spin them into composite fibers. The choice and quantity
of the conductive nanomaterials must be determined to match
specific applications. The other is to infuse existing 3D
conducting porous networks (conductive foams, aerogels, or
porous fibers) with an elastomer precursor and then follow by
curing. These composites can be cut into 1D conductors. This
route can be extended to infuse porous fibers with elastomers.
However, producing strong and continuous fibers with high

porosity remains challenging. Moreover, the performance of
this kind of conductor is usually confined within a medium
strain (e.g, 100%) to maintain the continuity of the
conducting networks.

Fragmentation. Fragmentation refers to the multiplication
of cracks®* ™% that usually leads to damage to the materials in
multilayer or laminated structures. Cracks are not necessarily
detrimental to materials’ overall mechanical and electrical
properties when controlled and can be central to stretchable
1D conductors.’*"> Upon the stretching of a fragile 1D
conductor embedded in an elastomer, a pseudoperiodical
pattern of cracks develops perpendicular to the main loading
direction. This fragmentation results in a quasi-random
network of transverse cracks (Figure 3c). This is identical to
the transverse cracking mechanism in laminated composites
and the cracking mechanisms in thin coatings for which there
are established micromechanical models in fracture mechanics.
The stretchability of rigid materials like CNT wires within an
elastomer is drastically improved by generating high-density
cracks. These cracks generally propagate with contact loss in
the conductive networks between crack tips.°>®* The
prerequisite to applying fragmentation strategy for achieving
high stretchability lies in that (1) the conductive materials
need to be assembled into a fiber or wire and (2) the fiber or
wire needs to be wrapped with an elastomer for achieving high
stretchability.

Buckling from Prestrained Support. With prestrained
elastomeric supports, rigid nonelastic conductive wires can
become stretchable and, more importantly, recoverable. The
execution of this strategy depends on the materials.”>*°
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Table 1. Physical Properties of Piezoresistive 1D Stretchable Conductors

initial electrical

materials preparation methods properties
Ag flake/silicone composite  injection forming =876 S cm™
fiber
Ag nanoparticle/PVDF-co- wet spinning and annealing o=
HFP composite fiber 17460 S cm™
Ag nanoflowers/ wet spinning and annealing o=
polyurethane composite 41245 S cm™!
fiber
Ag flake/fluorine rubber Ag mix with fluorine rubber c=738S cm™!

composite wire and surfactant

AgNW/AgNP-embedded
SBS composite fiber

PU/cotton yarn/AgNW/
PDMS coaxial fiber

AgNP coated on wet-spun
AgNW/SBS fiber

wrapping PU and dip coating
by AgNW and PDMS

spirally structured CNT/ rolled up CNT-coated rubber ¢ =

rubber composite fiber film 0.053 S cm™
PMIA/FWCNT coaxial fiber dip coating =167 S cm™!
bisheath coaxial fibers buckled CNT film and rubber
on a rubber fiber
TPE-wrapped CNT coaxial ~ wet spinning and post- R=713Qcm™

fiber treatment

6=2450S cm™

6=4018 S cm™

AR/ maximum

R,  strain (e,) disadvantage applications ref
3 13% low stretchability electrical interconnects 75
10° 300% low stretchability electrical interconnects, 77
touch sensor
10° 125% low stretchability electrical interconnects 79
3 215% low conductivity electrical interconnects S3
20 100% low sensitivity wearable sensors 49
3 500% poor electrical interconnects 80
repeatabilityupon
stretching
7.5 300% very low electrical interconnects 103
conductivity and strain sensors
3.5 150% low stretchability 81
1.6 600% low conductivity, sensors and actuators 85
CNT exposed
325 100% electrical interconnects 64

and strain sensors

Despite highly limited stretchability (3%),°° metals can bend if
their cross sections are adequately small, thereby bringing the
possibility to engineer stretchable structures through this
strategy in four steps: (1) prestraining an elastic base layer. (2)
depositing or printing the determined stretchable structure on
the base layer, (3) encapsulating an elastic top layer, and (4)
releasing the applied strain on the base layer to create a
buckled wire inside the elastic substrate (Figure 3d). In one
case with wet-spun CNT fibers, a thin layer coating of liquid
polydimethylsiloxane (PDMS) enhanced the interfacial bond-
ing with PDMS elastomer layers to form laterally buckled CNT
fibers.”® Another example couples this with the continuous
coaxial fiber strategy by coaxially spinning a core conductive
liquid dispersion with an elastic sheath, then stretching the as-
spun fiber with the core still in the liquid phase before drying
the core—sheath fiber. A buckled conductive wire inside an
elastic sheath can be formed upon releasing the dried fiber.

Encased Liquid Metal Alloy with Elastomer. Liquid metals
or their alloys are intrinsically conductive with a conductivity
of 3.4 x 10* S/cm.">** They do not store mechanical energy
when deformed significantly but can be categorized as
intrinsically stretchable 1D conductors encased within an
elastomer channel (capillary, hollow fiber) that serves as a
stretchable substrate to carry the liquid metals. Upon
stretching, the liquid metal flows in the elastomer channel
without losing significant electrical conductivity (Figure 3e),
thus offering both superior conductivity and stretchability for
1D conductors. The drawback of such fibers is that the liquid
metal can flow, and its resistance increases dramatically when
pinched. Moreover, the risk of leaking is high when stretched
beyond the maximum strain of the elastomer.

Twisting of Conductive Yarn. Twisting is a simple and
classic practice to produce yarns, and thus, can be fully
integrated with textile processing (Figure 3f). CNT yarns made
by dry spinning from CNT forest or chemical vapor deposition
(CVD) sources generally have low stretchability (less than
10%). A straight CNT yarn’s excellent mechanical strength and
flexibility allow it to be twisted into a helical structure.®”
Overtwisting the CNT yarn leads to an additional secondary
hierarchically twisted entanglement structure that permits

19814

stretching to much higher tensile strains (500%), with elastic
strain recovery and linear change in yarn electrical resistance.*®
1D Conductor Categories by Strain Levels. The past
decades have testified to the rapid advancement in the design
and fabrication of 1D conductors in the form of fibers, wires,
and yarns with varying architectures and dimensionalities
through various preparation methods. The critical timeline of
representative developments in 1D conductors reviewed in this
article shows a trend from rigid 1D conductors toward
stretchable 1D conductors (Figure 4),15,4849,53,63-66,69-100

Excellent stretchability and high conductivity are the key
attributes of stretchable 1D conductors, but are often mutually
exclusive and cannot be achieved simultaneously.”” High
stretchability requires large microstructure deformation, where-
as high conductivity requires the preservation of micro-
structural integrity, i.e., the minimization of microstructural
defects induced by stress concentration at high strains.
Therefore, continuous 1D conductors are grouped by changing
electrical responses to the external tensile strain into rigid,
piezoresistive, and resistance-stable categories.

Rigid 1D Conductor. Intrinsically rigid 1D conductors
generally have high tensile strengths and Young’s moduli but
are brittle and break at low strain (<5%). Pure metallic wires,
metallic alloy wires, metal-clad fibers, carbon fibers, carbon-
nanomaterial-based fibers, and some conductive polymer fibers
fall into this category and have been extensively re-
viewed. 373100192 Wwith the advances in electronics, demands
for these devices include their ability to be stretchable,
twistable, and deformable into curvilinear shapes beyond what
the current rigid 1D conductors can meet. The evolution of
rigid 1D conductors into stretchable 1D conductors is critical
for realizing these applications and falls into the following two
categories.

Piezoresistive 1D Conductor. Piezoresistive 1D conductors
exhibit a relatively big change in resistance or AR/R, with
relatively high strain, often >100% maximum strain, and the
advances in this area are summarized in Table 1. Most
intrinsically stretchable 1D conductors have been exploited by
either (1) introducing conductive species into elastomers,
which combines the electric properties of the conductive
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Table 2. Summary of Physical Properties of Resistance-Stable 1D Stretchable Conductors

initial electrical

materials preparation methods properties
wavy Au wires lithography o=
58 X 10° S cm™
kinked CNT fiber dry spinning and bulking 6=4758 cm™
overtwisted CNT yarn dry spinning and twisting R=210Q

highly conductive PEDOT/ 6 =2800 S cm™

PSS fiber

folded PEDOT /PSS strips
in elastomer fibers

CNT/PU buckled coaxial
fibers

twistable sandwiched CNT/
rubber/CNT fiber

hot-drawing-assisted wet
spinning/EG treatment

wet spinning, stretching/ 6=2500S cm™
drying/releasing

PU prestraining, CNT
wrapping, buckling

rubber sandwiched between
buckled CNT layers

R=179 Q cm™

6=01-3.6S cm™

maximum
AR/R, strain (¢,)  disadvantage applications ref
<0.01 2.7-54%  low electrical interconnects 65
stretchability
0.01 40% low electrical interconnects 66
stretchability
0.6 500%  mechanical strain sensors and 68
instability rotational actuators
0.1 21% low electrical interconnects, 52,
stretchability ~ heaters and actuators 90
0.05 700%  low stretchable interconnects 64
conductivity and heaters
<0.05 1000%  low sensors and actuators 104
conductivity
0.05 200% SWCNT wearable sensors and 91
exposed supercapacitors

species and stretchability of the elastomer, or (2) fabricating
fibers with coaxial configuration. The corresponding piezor-
esistivity mainly results from the disconnection between
conductive fillers and the tunneling effect upon external
loading.

Resistance-Stable 1D Conductor. Some soft, stretchable
1D conductors exhibit a relatively small change in resistance
(<100%) when undergoing relatively large strains and are
considered resistance-stable 1D conductors, as summarized in
Table 2. The capability of stretchable conductors to maintain
their electrical properties upon being stretched could be
evaluated by either relative change in conductivity, ie., —Ac/
0y, where, o, is the initial conductivity without deformation,
and —Ao is the variation of conductivity at a strain of €. The
relative change in resistance, AR/R,, where, Ry, is the initial
resistance and AR, is the variation of resistance at a strain of &.
The essential features of this type of 1D conductor are that
they are compliant and retain their electrical performance at
high-strain deformation. In this review, AR/R;, < 1 is
considered a resistance-stable 1D conductor.

Fabrication Technologies. Reliable manufacturing sol-
utions are critical for developing scalable and batch-to-batch
consistent fibers.”’ Various fabrication strategies to obtain
standalone functional fibers can be broadly classified into three
categories: spinning, thermal drawing, and printing. Spinning
can produce or functionalize continuous fibers, which has been
realized for mass production.'”>'%® Fibers with different
diameters and/or hierarchical structures are apt to be made
from a single or multiple materials by tuning initial processing
parameters. General spinning techniques such as wet
spinning,'”” dry spinning,'”® melt spinning,'”” electrospin-
ning''" and centrifugal spinning''" have all been applied to
fabricate fibers or yarns using various materials. In addition,
thermal drawing is a facile and scalable approach to producin%
fibers and has been employed to fabricate smart textiles."'*~""
This approach enables the targeted materials to be filled into a
prepared “preform”'*” and allows simultaneous extrusion of
various functional materials within a one-body design. It can
assemble materials with different shapes and structures and
integrate multiple functionalities to form complex fiber
electronics. Furthermore, as thermal drawing can be
miniaturized to the nanoscale,'*" it is likely that the whole
process of fiber fabrication may be optimized in the future.
Furthermore, printing,122 including additive manufacturing,
has also been used to either deposit inks onto textiles or
directly extrude fibers in 3D structures. It has been
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implemented at the industrial level, thereby demonstrating
the potential for large-scale, autonomous, and low-cost
processes.

In addition to the above techniques to fabricate standalone
fibers, widely adopted coating methods, including di&) coat-
ing,123 spray coating,124 and electrochemical coating, %5 can
provide a low-cost and effective approach to modify and
functionalize existing fibers and textiles. These coating
processes may be exploited to transfer functional materials
onto the surface of fibers or textiles to achieve desirable
changes in the active layer by manipulating the thickness or the
types of the coating materials.'>®

RECENT ADVANCES IN THE STRETCHABLE 1D
CONDUCTOR

Conductive Polymer Fibers. Conductive polymer fibers
have been widely explored from both fundamental and
application prospects to understand their electrical and
mechanical performance.”*”*?%!*? The main techniques
for processing conductive polymers into fibers are dry
spinning, wet spinning, and melt spinning. While both dry
and melt spinning solidify respective polymer solutions and
melts in the gaseous environment, wet spinning submerges the
spun polymer solutions in coagulation baths to solidify the
fibers. >’

Over the past 40 years, various types of conducting polymers
have been developed."”'~'*> Among them, poly(3,4-ethylene
dioxythiophene) /polystyrenesulfonate (PEDOT/PSS) is the
conducting polymer that can be dispersed in water and various
organic solvents to form dispersions."*"'*> This gives
PEDOT/PSS excellent processability that is better than
other conducting polymers.'**™**" Therefore, these most
spinnable PEDOT/PSS dispersions have been successfully
wet-spun into microfibers,””*"*>'*11** and have been scaled
up to industrial production.'* In the past decade, the
conductivity of PEDOT/PSS films and fibers has been
improved by more than 2 orders of magnitude by doping
and/or dedogpin with various polar solvents, like ethylene
glycol (EG),”>">" 1% sulfuric acid (H,S0,),"* hexafluor-
oacetone trihydrate (HFA),'”° dimethyl sulfoxide
(DMSO),"*""** and anionic surfactant."*’ Doping PEDOT/
PSS with a secondary high boiling point dopant (<6 wt %)
changes its microstructure to a more conductive state (quinoid
structure).'>*~"*° Dedoping involves partial removal of the
insulatin§ and amorphous PSS by washing with polar
solvents. >*~'*> Dedoping as-spun microfibers of various
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image of the as-spun PEDOT/PSS fibers. Reprinted with permission from ref 64. Copyright 2018 John Wiley and Sons. (c) Schematic
drawing of the modified setup used in wet spinning PEDOT/PSS fibers using H,SO, as the coagulant. Inset illustrates the alignment of
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on a sample spool and SEM image of a PEDOT/PSS showing flexibility through tight knots. Reprinted with permission from ref 127.

Copyright 2019 The Royal Society of Chemistry.

grade PEDOT/PSS (without dopant) with EG improved their
low electrical conductivities (1 to 456 S cm™!).%*% A
combination of both doping and dedoping with EG has
shown to improve the electrical conductivity to 351 S cm™.*
Spinning PEDOT /PSS with CNTs into composite fibers led to
limited improvement in conductivity (400 S cm™").">*"57 All
fell short of the electrical conductivity needed for flexible
interconnect electrodes, conductive textiles, and sensors and
actuators. By hot drawing immediately following wet spinning
and EG doping and dedoping, Zhou et al. reported conductive,
strong, and stretchable PEDOT/PSS microfibers with 2804 S
cm™! conductivity, 409.8 + 13.6 MPa tensile strength, and 21.2
+ 1.4% elongation at break (Figure 5ab).”’ This electrical
conductivity of 2804 S cm™ is a 6-fold improvement over the
previously reported best value for fibers (467 S cm™)*” and
double the best-reported value for EG doped PEDOT/PSS
films (1418 S cm™)."*® The mechanical properties were
extraordinarily superior to those previously reported PEDOT/
PSS fibers with similar conductivities. The enhanced
conductivity and strength are attributed to improved
PEDOT alignment in the microstructure by hot drawing,
partial removal of the insulating PSS by EG dedoping, and
reduced electrostatic interaction of PEDOT and PSS by EG
doping. The fibers also show high stiffness (8.3 GPa) with
increased electrical conductivity (25%) at as high as 21%
strain.”

Zhang et al. have shown a facile production of PEDOT/PSS
fibers using H,SO, as the coagulant with a high electrical
conductivity of 3828 S cm™’, which is close to the highest value
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reported for 100 nm thick PEDOT/PSS films."”” The use of
H,SO, as a coagulant and modification of the wet spinning
apparatus enabled the simultaneous removal of PSS within
seconds and the alignment of PEDOT chains, which resulted
in a tensile strength of 434.8 MPa and an elongation at break
of 25.4%."*” These results highlight the critical role of PEDOT
alignment in conductivity and strength maximization of
conductive polymer microfibers for potential use in textile-
based stretchable devices.

Zhou et al. also showed the resistance stability of their fibers
under applied strain. This behavior is needed for some
electrical interconnects to maintain their electrical performance
under strain. The relative change in resistance (AR/R,) upon
incremental cyclic loading/unloading and extension at 21%
strain was only 0.10, which indicated resistance stability. The
intrinsic change in conductivity is determined by calculating
the geometric factor and subtracting it from the measured
resistance. The resistance, R, of a fiber with a round cross
section is expressed by eq 1:

I

2

Rzm’a (1)

where o is the electrical conductivity, and ! and r are the fiber’s
length and radius, respectively. The relationship between the
relative change in resistance, AR/R,, and the relative change in
conductivity, Ac/o, is given by eq 2:
AR _
R, c ! r (2)
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With minor changes, Al/I = ¢, and Ar/r = —ve;, where ¢, is the
strain in the fiber axis, and v is the Poisson’s ratio.”” By
substituting these values, the relative change in electrical
conductivity, Ac/o, is expressed in eq 3:
£=81(1+2U)—£

R ()
where (1 + 2v) relates to the geometric change of the fiber
cross section under the strain &, ° The Ac/o reflects changes
in the material’s conductivity that depend on the strain. For
example, the relative change in resistance AR/R, is 0.23 at 13%
strain for the as-spun PEDOT/PSS fibers. If it is assumed v =
0.34,"%¢/(1 + 2v) is calculated to be 0.22, and Ac/c ~ 0.
Therefore, the change in resistance is mostly related to the
change in fiber geometry.

Composite 1D Conductor. Elastomer materials are
stretchable and easy to process. The resulting structures offer
design flexibility in form and function and are ideal building
blocks for stretchable 1D conductors.®”””"*7'** The most
used method for making a stretchable conductor is to
incorporate the conducting fillers into a soft polymer matrix
(an insulating elastomer) through melt compounding or
solvent mixing. Then, the mixture is melt-spun or wet-spun
into composite microfibers continuously. The electrical
conduction in these composite fibers occurs through
connected networks of metallic nanoparticles or nanowires,
carbon nanomaterials, and conductive polymer nanoparticles.
In the 3D percolation theory, the electrical conductivity of the
conductive composite is calculated by the two equations below
for the initial and the elongated states. The nanofiller volume

mainly determines the nanocomposite conductivity frac-
. 163,164
tion:

t
Ol,or2 = 60(‘41, orf, V;) (4)

‘/fp orf, = ‘/ﬁller/‘/l, or2 (5)

where indexes 1 and 2 describe the initial and elongated states,
respectively; o is the electrical conductivity in the axis direction
of the 1D conductive composite; o, is the scaling factor
proportional to the intrinsic conductivity of the nanofiller; V;
and Vyy,, are the volume fraction and volume of conductive
nanofillers, respectively; V; and V, are the volume of the
conductive composites at the initial and elongated state,
respectively; V, is the percolation threshold, and t is the fitting
exponent of the factor related to the dimensionality of the
composite. The conductive species have to be highly
conductive and with a high V; in the elastomer to reach the
ultimate goal of an electrical conductivity closer to that of a
metal wire. Because of the network change under an elongated
state, the o, of the fiber may dramatically reduce, which is
ascribed to the reduction of the local V,. Thus, the conductive
fillers” initial conductivity, loading, and geometry must be
considered.

These nanofillers can form a uniformly percolated network
that grants conductive paths through a tunneling effect to the
composite. However, the percolation threshold, V, in eq 4, is
primarily determined by the geometry of the nanofillers.
According to microscopical morphologies, nanomaterials are
grouped into three categories: 0D nanoparticles (NPs), 1D
nanowires (NWs) and nanotubes (NTs), and 2D nanosheets.

If it is assumed that conductive NPs are homogeneously
distributed among the flexible substrate, it is conceivable that
the composite is divided into quantities of cubic elements. At a

free-standing state, the percolation threshold of the network
(V) is determined by165

__
6(D + D)’ (6)

C
where two key parameters are the diameter of the particle (D)
and the interparticle distance (Dyp), respectively. Eq 6 indicates
that V. monotonically increases with increasing particle
diameters. Additionally, the distance of adjacent particles has
a considerable effect on the tunneling current,'®® ie., the
electrical conductivity of the 1D composite. Under applied
stress, the smaller nanoscale NPs have a much greater degree
of freedom to redistribute than their higher dimensional
counterparts (NWs and nanosheets) to assemble and organize
in a distinct conﬁguration into a conductive band along the
strain direction.'®” The strain-dependent threshold of the
percolated network V,(g) is described by'®*

VO
V(e) = —2—
1+ ave (7)

where a presents the reorganizing capability of the NPs under
stress, € is the strain, and V.° is the percolation threshold under
the initial state. Those theoretical studies demonstrate the
electrical properties of composites percolated with NPs and
offer predictions to fabricate 1D conductive composites with
both satisfactory electrical performances and mechanical
tunability.

Because of the high aspect ratio, ID NWs/NTSs have a much

lower V, than the isotropic 0D NPs, which is illustrated in eq
3,164,165

NL* =571 (8)

where N, is the percolation threshold density, and L is the
length of the 1D nanomaterials. The network conductivity (o)
can be defined by conductive filler density (N) as'®*

ox (N—-N) )

where ¢ is the critical exponent in eq 4. Unlike 0D NPs, the
highly persistent length of NWs/NTs can bridge multiple 1D
structures to form a direct conductive path. Thus, junction
conductivity plays a vital role in NW/NT-based composites.
Intriguingly, some NWs exhibit intimate integration with a
flexible substrate, which gives a feasible scheme for the
construction of 1D conductive composites.

Because of the small contact space, 1D nanomaterials usually
present large junction resistance when stretched to a large
extent.'®® Thus, 2D nanosheets with large surface area and
high charge carrier mobility have aroused tremendous interest
to construct a broader and more stable conductive path in
conductive composites. The 2D morphology can offer a much
larger junction area than 1D NWs/NTs, which can increase
the efficiency of interlayer electron tunneling and improve
electrical performance. For instance, because of the high
conductivity of 2D graphene even under large deformation, the
intrasheet resistance is considerably small."®” The overall
resistance of graphene is governed by intersheet resistance, i.e.,
the contact resistance of nanosheets. When strain is applied,
the intersheet resistance can be written as' "
bd(e+1)

R=uady(e +1) Xe (10)
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Figure 6. Silver nanomaterials-based composite fibers. (a—d) Wet-spun Ag-MWCNT-based stretchable fibers. (a) A schematic drawing of the
wet spinning apparatus. An SEM image of Ag nanoparticles and an HRTEM image of nAg-MWNTs nanoparticles are shown. (b) SEM image
of the spun fiber with a diameter of 100 ym. (c) SEM images of the hot-rolled fiber with width and thickness were 250 and 17 pm. (d)
Optical images of the composite fiber (8.5 wt % of Ag) before and after stretching. Reprinted with permission from ref 77. Copyright 2014
American Chemical Society. (e—g) Wet-spun AgNW/AgNP/SBS composite fibers. (e) Schematic illustration of the preparation for the
stretchable conductive fiber. (f) Cross-sectional SEM images and EDS mapping of Ag and C were obtained from the AgNW/AgNP-
embedded composite fiber. Scale bar: 100 um. (g) Optical images of pre- and 900%-strained composite fiber. Reprinted with permission
from ref 49. Copyright 2015 John Wiley and Sons. (h,i) Cotton yarn/AgNW twining spirally on a PU fiber coated with PDMS. (h) Schematic
illustration for preparing the composite fiber and corresponding SEM images. (i) A composite fiber of 4 cm was stretched to 17 cm length by
hand. Reprinted with permission from ref 172. Copyright 2015 John Wiley and Sons.

where d; is the intersheet distance at the initial state without
strain, and d is the intersheet distance under strain. Thus, the
applied strain & = (d — dy)/dy. a and b are given by'”!

W 4r
a= —F—— and b = —./2mE
Ae® \[2mE,, RNTP (11)

where A is the junction area, m is a constant related to the
fractal structure, Ey is the height of the potential barrier
between nanosheets, and & is Planck’s constant. Therefore, the
parameters such as the fracture structure of the nanosheets,
nanosheet overlapping, etc. can be manipulated to design the
blending system of 2D nanosheets-based stretchable con-
ductors. Considering the interplay between the applied strain
and intersheet separation, hypersensitive materials with high
gauge factors can be practically used for wearable electronics.

Silver Nanomaterials-Based Stretchable 1D Conductors.
Among conductive fillers, silver nanoparticles (AgNPs) or
nanowires (AgNWs) have the highest electrical conductivity
and, thus, are most desirable. Wakuda et al. reported a
stretchable composite made of silicone-containing Ag micro-
flakes (310 pm) by injection forming (into a hot oil bath).”
Though the fibers have an initial conductivity of 876 S cm™,
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the conductivity dropped dramatically to 10 S cm™" before
failing at 14% tensile strain. The fiber’s low stretchability was
ascribed to the significant defects introduced by the microscale
Ag flakes. Ma et al. reported a stretchable (nAg-MWNTs)
composite fibers wet-spun from an ionic liquid containing
100—150 nm AgNPs and MWCNTs decorated with 3—5 nm
AgNPs (35 wt %) with flexible nitrile butadiene rubber or
stretchable poly(vinylidene fluoride-hexafluoropropylene)
(PVDF-HFP) elastomer into a hexane coagulation bath
(Figure 6a).”” The filament with a uniform 100 ym diameter
(Figure 6b) and over 10 m length was cured at 135 °C or
deformed into a helical shape through a hot rolling process
(inset of Figure 6¢). The initial fibers could reach a
conductivity of 17460 S cm™, which was attributed to the
significantly improved agglomeration between microscale Ag
particles and AgNPs preadsorbed on the CNT walls during
curing. The rupture tensile strain was increased to 490% by
decreasing the loading of the fillers to 8.5 wt % (Figure 6d),
albeit at the expense of lowering the initial conductivity, which
was reduced to 236 S cm ™. In a follow-up study, Ma et al. wet-
spun 39.5 vol % silver nanodisc-shaped petals (Ag nano-
flowers) with polyurethane into Ag/PU composite fibers with a
high conductivity of 41245 S cm™, which is more than twice
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the entanglement. (f,g) Enlarged views of the entangled parts within the entanglement in (d). (h) Close view of the yarn surface. (i)
Enlarged view of the entanglement in (e). (j) Photographs of a CNT entanglement and the resolved straight helix yarn. Reprinted with

permission from ref 68. Copyright 2013 American Chemical Society.

that of the previous Ag microparticle-containing fibers and is
ascribed to the enhanced coalescence of nanodisc-shaped
petals (8 nm in thickness) from curing.”” Again, a trade-off
between electrical conductivity and stretchability was achieved
to reach the maximum rupture strain at 776% by reducing Ag
nanoflower loading from 39.5 vol % to 17.9 vol %. Since both
fibers are piezoresistive, their electrical properties cannot be
maintained under strain because the percolated network
formed by the conductive fillers becomes disconnected with
increasing strain.

Lee et al. preserved electrical conductivity under high strain
by wet spinning a highly stretchable composite fiber composed
of AgNWs and AgNPs embedded in a poly(styrene-block-
butadiene-block-styrene) (SBS) elastomer (Figure 6e—g)."
The AgNPs are formed on the surface and inside the AgNW/
SBS fiber via repetitive silver precursor absorption and
reduction cycles (Figure 6e) and in high density (Figure 6f).
This AgNW/SBS fiber reached an impressive 900% maximum
elongation at break with the highest conductivity of 2450 S
cm™'. During stretching, the embedded AgNWs act as
conducting bridges and networks to connect AgNPs, which
preserves 95.6% of the electrical conductivity at 100% strain.

Besides simple mixing and wet spinning for making
composite fibers, Cheng et al. developed a “twining spring”
architecture for a highly conductive and ultrastretchable
composite fiber.'”” The conductive composite fiber comprises
a polyurethane fiber double-covered with cotton yarn (DCY)
and AgNWs, which is then encapsulated in a strengthening and

protective layer of PDMS (Figure 6h). The initial conductivity
of the composite fiber was 4018 S/cm and remained 688 S/cm
at 500% strain, which presents a highly competitive Ag
nanomaterial-based stretchable composite fiber conductor.
The composite fiber also presented excellent cyclic perform-
ance, with a conductivity of 183 S/cm after 1000 stretching
events of 200% strain. The gauge factor for the composite
conducting fiber maintains a range from 0.166 to 0.251 when
the stain changes from 100% to 500%, which suggests the
superior stability of the electrical conductivity during
deformation. When stretched, the elastic PU core fiber
elongates while the spiral cotton yarns (CYs) twining around
increase its winding angle, and the gaps between the CYs
emerge and broaden with increasing strain. These micro-
structural changes allowed the DCY to undergo large strains
without stretching the cotton fibers. Consequently, the
conductive AgNW network confined on the cotton fiber
surfaces experiences minor damage during stretching, thereby
offering a stable conductive path along the cotton fibers.
Among nearly all Ag-based composite fibers containing various
forms of Ag, the resistance or conductivity is strain-dependent,
and the extensibility is limited.

Carbon-Nanomaterial-Based Stretchable 1D Conductors.
CNT vyarns have been studied for potential applications in
electrical wirin%s, sensors, actuators, and energy-storage
devices.”””"'7*~77 However, conventional CNT yarns are
straight and lack the elasticity required for stretchable
conductors. The resistance of the yarn can only be maintained
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within a strain level below 1%, which is then increased
dramatically because of sliding between CNTs that is
irreversible to cause fracture and rapid degradation of electrical
conductivity under even small strains (<10%).

Because CNT yarns are more flexible than wet-spun CNT
fibers, they can be easily shaped into helical springs or coiled
structures with traditional yarn twisting technology. Shang et
al. converted an inelastic yarn into an elastic structure b
spinning predefined helical loops along the yarn (Figure 7a).°
The elastic and conductive yarns can be stretched to tensile
strains up to 25% repeatedly for 1000 cycles with a very small
AR/R, (<0.012) without producing residual deformation.
Similarly, Chen et al.>® prepared primary fibers consisting of
helical assemblies of MWCNTs, twisted them together to form
the helical fiber bundles, then twisted multiple helical fiber
bundles into multiply hierarchically twisted yarn (Figure 7b).
Upon exposure to solvent vapors, these fibers contract up to
60% strain to form nanoscale gaps (between the nanotubes)
and micrometer-scale gaps (among the primary fibers), in
which both contribute to the rapid response and significant
contraction in response to strain. These fibers are lightweight,
flexible, and robust and suitable for various uses such as
energy-harvesting generators, deformable sensors, and intelli-
gent wearable electronics.

The high stretchability of CNT yarns can be achieved by the
overtwisting method (Figure 7c) to enable a random
entanglement of CNTs, which is analogous to a mingled and
entangled rope (Figure 7d—i).® Such entangled CNT yarns
have a higher structural hierarchy than simple straight or
helical yarns. Moreover, the yarn entanglement can be
completely released and stretched to a tensile strain of 500%
(Figure 7j), with elastic recovery and a very low AR/R, of 0.6.

Graphene, another form of carbon nanomaterials, has
received significant attention as an outstanding material for
fiber-type sensors and actuators, robots, photovoltaic cells, and
supercapacitors.' »**7*°  Although wet-spun graphene fibers
exhibit a relatively high Young’s modulus and tensile strength,
their irregular cross sections along the fibers and wrinkled
surfaces result in stress concentration under mechanical
loadings, thus making them easy to break upon bending,
twisting, or knotting, which is a severe disadvantage in
applications. This issue has been solved by introducing
stretchability via dry film scrolling and twisting,'”® in which
graphene oxide (GO) films are made by bar coating aqueous
GO dispersions, followed by ambient drying and scrolling into
fibers. The resulting fibers have uniformly circular cross
sections, smooth surfaces, high toughness, and outstanding
ductility. When overtwisted, these fibers coil into a single yarn
with a secondary coil and helical springlike structure to allow
stretching up to 76% strain before failure. The maximum
stretchability of the yarn is more than 1 order of magnitude
higher than the reported values for graphene-based
fibers 1433=35

Hydrogel-Based Stretchable 1D Conductors. A hydro-
gel, by definition, consists of water and a cross-linked polymer
network, where water must make up at least 10% of the total
weight (or volume) of the material. It exists in nature and can
also be artificially synthesized. The water content of the
synthesized hydrogels can even reach more than 90%.'”
Because of their cross-linked polymer network, hydrogels have
great strain capacity. The presence of an ionic electrolyte
makes it ionically conductive. In this case, many different
charge carriers may be encountered, but the ionic mobility is

usually much smaller than the typical value for electrons,'*

which makes the conductivity of the most reported hydrogel
less than 1 S/m. Many works report how to tune the physical
properties or biocompatibility of hydrogels to fulfill the
corresponding applications. For example, by adjusting the
ratio of high-strength cross-linked chemical bonds to low-
strength chemical bonds, the mechanical properties of
hydrogels can be optimized in terms of stretchability and
toughness.180 For another example, hydrogels prepared from
bacterial cellulose, because of their excellent biocompatibility,
can be used in surgical sutures by enhancing their mechanical
strength.181 Besides, much work has been devoted to
improving the ionic conductivity of hydrogels to serve as
solid-state electrolytes for electrochemical energy storage
devices."®” Because this review focuses on stretchable 1D
conductive materials, advances in conductive hydrogel fibers
are expanded upon here.

Ionic polyimide hydrogel fibers were prepared by adding
CaCl, to the coagulation bath during wet spinning. Because of
the increased concentration of an ionic carrier, the electrical
conductivity of the fibers was improved to 21 mS/cm.
Furthermore, because of the ionic crossing linking between
Ca’" and the carboxyl (COO™) group, the tensile strength was
improved to 2.5 MPa with an elongation of 215%. In addition,
the fibers obtained piezoresistive properties with a linear gauge
factor of 0.76. On the basis of these properties, the fibers can
be processed into textiles for detecting stress and strain caused
by human motion.'®* In another example, a physically cross-
linked poly(NAGA-co-AAm) (PNA) hydrogel was successfully
prepared by wet spinning and UV curing, where the
conductivity reached 0.69 S/m because of the addition of
lithium chloride, and the gauge factor was increased from 0.44
to 0.94. In addition, the tensile strength of this hydrogel is 2.27
MPa and has self-healing properties (10 min of self-healing can
reach 60% of the initial tensile strength). On the basis of these
properties, the hydrogel fibers can be fabricated into smart
textiles, such as wearable strain sensors.'®* Recently, scientists
reported a strategy using a UV curing method combined with
self-lubricating spinning to successfully fabricate poly(2-
acrylamido-2-methylpropanesulfonic acid)/polyacrylamide
(PAMPS/PAAm) hydrogel fibers. A part of PAMPS will
carry water to the fiber surface during the spinning process and
act as a lubricant. After the solvent exchange with triethylene
glycol, which is believed to increase the intermolecular and
intramolecular strength of the hydrogel (or it can be called an
organohydrogel), the tensile strength of the hydrogel fibers
prepared by this strategy was 5.6 MPa.'”> On the basis of this
organohydrogel preparation strategy, 1D conductive poly(vinyl
alcohol)-nanocellulose (bNF) antifreeze gel fibers have also
been recently reported. They have a tensile stress of up to 2.1
MPa, tensile strain of up to 660%, and high electrical
conductivity of 3.2 S m™' at room temperature. In addition,
since the gel is a coexistent phase of water and DMSO, it has
an antifreezing effect (maintains the conductivity of 1.1 S/m at
—70 OC).JSS

Conductive Coaxial Fibers. Continuous fibers with
coaxial structures provide a versatile platform for engineering
electrically conductive and mechanically stretchable 1D
conductors. The high initial conductivity of the materials is
one of the most essential characteristics for the performance of
the fibers. These coaxial fibers may be piezoresistive or
resistance-stable under external strains, depending on the
microstructures of the materials.
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Figure 8. Liquid metal-based coaxial fibers. (a,b) Liquid metal alloy encased in poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS)
fiber. (a) A relaxed and ultrastretchable conductive fiber. The core is a liquid metal alloy. (b) The fiber is stretched to a large extent, and the
liquid metal appears to fill the stretched fiber uniformly. Reprinted with permission from ref 48. Copyright 2013 John Wiley and Sons. (c—e)
PDMS-encased EGaln fiber by coaxial writing. (c) Schematic of coaxial drawing of conductive cables of coaxial design with EGaln as the

core and PDMS as the shell. (d) The full direct drawing process. (e) Photographs of coaxial drawing details. Reprinted with permission from
ref 82. Copyright 2016 AIP Publishing.

(d)

(b) U]

A. Coaxial wet-spinning process

(9)

B. Post-treatment process

As-spun coaxial fiber
Elastomer/DGM solution i
uicuid

e

Extracting acid in acotono bath
Acetone molecules 5
mova ints tha core

8 Acsona °'s Vg .,

sCHSOH; @, @

o
o CHEOH molecuies
& e " mave out rom the core

q

Press the fiber with glass slide

,‘

Post-treated beit-like coaxial fiber

—

Sbig S0

U]

e m
— A

Figure 9. CNT-based coaxial fibers. (a—d) Steps in the fabrication of hierarchically buckled sheath—core fibers. SEM images show buckles
for a sheath—core fiber at 100% applied strain. Reprinted with permission from ref 45. Copyright 2015 American Association for the
Advancement of Science. (e) Fabrication of a bisheath—core fiber at different steps. Reprinted with permission from ref 85. Copyright 2017
John Wiley and Sons. (f—1) Coaxial thermoplastic elastomer-wrapped CNT fibers. (f) Schematic of the wet spinning and post-treatment
process for the fibers. (g) After the post-treatment process, a single coaxial fiber was collected on a winding spool. (h,i) Initial electrical
measurements were taken on the surface and in the core of the coaxial fiber. The inset in (i) shows an LED light by a coaxial fiber at 3 V. (j)
SEM image of the coaxial fiber shows a belt structure and the cross section image of the fiber. (k) The SEM image shows randomly oriented
networks of the SWCNT core after CH,Cl, washed out the TPE sheath. (1) Schematic showing the coaxial structure of the fiber. Reprinted
with permission from ref 64. Copyright 2018 John Wiley and Sons.
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Liquid Metal-Based Coaxial Fiber. Liquid metals, as
mentioned earlier, are intrinsically stretchable conductors
that store mechanical energy. Liquid metals can theoretically
be stretched with unlimited strain because of the nature of the
liquid phase. The only limitation is the stretchability of the
material it encapsulates. Therefore, reliable elastomer materials
encasing or carrying liquid metals are crucial to this type of
stretchable 1D conductor.

19821

Liquid metal-based ultrastretchable coaxial fibers were
fabricated by injecting liquid eutectic gallium—indium
(EGaln) into the hollow core of poly[styrene-b-(ethylene-co-
butylene)-b-styrene] (SEBS) elastic fibers, which were
prepared by melt spinning (Figure 8a)b).”* The elastomeric
sheaths are flexible insulating materials that support and
maintain the liquid metal’s high conductivity under high strain
(over 700% depending on fiber diameter). In addition,
deformation of these coaxial fibers by touching or squeezing
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Figure 10. Conductive polymer-based coaxial fibers. (a) Schematic illustration presenting the coaxial wet spinning for encapsulating the
conductive dispersion in a TPE channel. (b) Schematic showing how the prestrain-buckling strategy was able to achieve a folded ribbon
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can produce a piezoresistive signal. Yan et al. demonstrated a
coextrusion method to produce liquid metal-based coaxial
cables by applying a facile coaxial printing of the core and shell
materials (Figure 8c—e).”” The core material is the EGaln
alloy with 75.5% Ga and 24.5% In while the sheath material is
a temperature- or UV-curable elastomer. This coaxial cable
demonstrates well-posed performance under stretching for
more than 350% with maintained metallic conductivity. Under
compression, the coaxial cable also restores its original
properties because of the high flowability of the liquid metal
and the elasticity of the elastomeric shell. Zhang et al
presented the fabrication of stretchable coaxial fibers by
spinning elastomeric filaments combined with a liquid metal
coating. ** The metallic conductivity of the fibers can be
maintained at nearly 800% strain, which makes these fibers
candidates for ultrastretchable conductors. The dimension and
2D configuration of the fibers can be manipulated by using the
coaxial printing process. Although the combination of direct
writing and dip-coating processes provides more freedom to
fabricate interconnects that accommodate complex conditions,
the potential exposure of liquid metal to air brings significant
safety concerns in handling the coaxial fiber. In addition,
thermal drawing is an inherently scalable manufacturing
technique, which can be exploited in producing a wide range
of functional fibers, despite its initial development for optical
fibers. This technique successfully fabricates ultrastretchable

hollow fibers, which encapsulate liquid metal for superelastic
and conductive coaxial fibers."'”"'*"®” This fabrication
approach provides a promising way to achieve scalable
fabrication of triboelectric nanogenerators (TENGs) fibers
and textiles, thereby leaving more space to explore high-
dimensional device integration.

CNT-Based Coaxial Fiber. Pure CNT fibers have been
developed toward high-performance multifunctional fibers for
a decade. CNT fibers can be produced by a solid-state process,
in which CNTs are directly spun into a fiber from the reaction
zone or drawn from the CNT forest.'°”''*~"'7 CNT fibers
were initially produced by wet spinning CNTs dispersed in a
liquid, which were extruded through a spinneret and then
coagulated by extracting the dispersant.''® Behabtu et al.
dispersed bulk-grown CNTs in chlorosulfonic acid to form a
liquid crystalline phase, which allowed high-throughput wet
spinning into CNTs fibers with perfect alignment. These CNT
fibers combine the advantages of carbon nanomaterial (high
specific strength, stiffness, and thermal conductivit_;f) and metal
materials (high specific electrical conductivity).”* However,
these pure CNT fibers are brittle and, thus, cannot be
stretched.

A supporting substrate in the form of elastic filament is
needed to introduce stretchability to these highly conductive
and high-strength CNT fibers. CNT sheets were applied to
wrap stretched rubber-fiber cores to form highly stretchable
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(up to 1320%) coaxial conducting fibers while maintaining
electrical conductivity (Figure 9a).*> The resulting coaxial
fibers exhibited short- and long-period buckling in the sheath
that occurred reversibly during the cyclic loading in the axial
and belt directions, which resulted in a less than 5% relative
change in resistance at 1000% strain (Figure 9b—d). In another
study, a bisheath buckled structure was realized by inserting an
additional buckled rubber layer between the rubber fiber and
the CNT layer. This design made the relative change in
resistance dependent on the degree of strain (Figure 9e).%®
The bisheath fiber can be reversibly stretched to 600%, thereby
undergoing a linear resistance increase. This is because
releasing the strain from the stretched state increases contact
of the rubber interlayer by forming buckles, thus decreasing the
resistance. In the studies mentioned above, the stretchability of
CNT fibers is introduced by a prestrain postbuckling strategy.
The relative change in resistance is strain-dependent when a
buckled rubber layer between the rubber fiber and the CNT
layer is inserted, but independent of strain when there is no
additional buckled layer. Thus, the coaxial structure allows the
design of both resistance-stable and piezoresistive fibers.
However, several challenges still exist: (1) electrical con-
ductivity is low (3.6 S/cm) because CNTs are aligned
perpendicular to the fiber axial; (2) the critical prestrain-
then-buckling strategy is a batch, not a continuous, process,
and the fiber length is limited by the maximum width of the
CNT sheets; and (3) the conductive CNT is on the fiber
surface, thus prone to conductivity degradation with time or
mechanical damage. Furthermore, there is a safety concern in
wearable electronics if the CNT layer is not protected from
skin contact.

Zhou et al. coaxially wet-spun thermoplastic elastomer and
SWCNT/methanesulfonic acid dope as respective sheath and
core to produce stretchable CNT-based fibers continuously
(Figure 9fg).°*'*® The acetone post-treatment removes
residual acid while simultaneously densifying the SWCNT
core through pressing, which leads to a belt shape of cross-
sectional coaxial fiber (Figure 9j—1). These coaxial fibers
behave as an insulator when measured on their surface because
of the insulating thermoplastic elastomer (TPE) sheath. When
the 2 cm long sample was electrically connected through its

19823

core, the fiber showed a low resistance of 142.6 Q, which
corresponds to the electrical conductivity of 6.5 S cm™ to
electrically connect a battery for powering an LED at 3 V
(Figure 9h,i). This wet spinning and post-treatment process is
simple and applicable to different conductive materials that
cannot be wet-spun using previously reported methods. The
electrically insulating and highly stretchable TPE sheath has
enabled these stretchable CNT-based fibers to be used as safe
stretchable interconnects.

In summary, the coaxial fiber structures were successfully
fabricated usm% CNT assemblies as the core or sheath
materials.’”**'*" For coaxial structure, high stretchability can
be realized using an elastic filament to support the CNT
assemblies. Although CNT-based coaxial fibers maintain the
continuity of the CNTs in the fiber, the conductivity of the
fiber is still very low. Furthermore, the methods to produce
coaxial fibers require multiple steps, and sometimes the fiber
length and, therefore, widespread appeal for constructing
stretchable 1D conductors are limited by the CNT sheets.

Conductive Polymer-Based Coaxial Fiber. The continuous
coaxial spinning process has provided a way to construct
buckled conductive polymer ribbons inside thermoplastic
elastomer channels. In this case, the thermoplastic elastomer
solidifies rapidly in the coagulation bath, while the conductive
polymer inside remains liquid®* (Figure 10a). Then, the as-
spun fiber is stretched with the core still in the liquid phase
(Figure 10b). After release of the dried fiber (both elastomer
sheath and inner core), a buckled conductive wire inside an
elastic sheath can be formed. The buckled core in the axial
direction was revealed by X-ray tomography (Figure 10c). By
stretching the coaxial fibers, the resistance of the fiber remains
very stable, with less than 4% variation under 680% applied
strain.

The incorporation of 70 wt % polyethylene-b-poly(ethylene
glycol) (PBP) in PEDOT/PSS/PBP composite allows the fiber
to be easily stretched while maintaining a high conductivity;
however, its Young’s modulus decreases, and the core buckles
at low-stress levels. A high loading of PBP replaces PEDOT/
PSS, thereby reducing the material cost and making it an
economically viable alternative. The elongation at break of the
coaxial fibers can be manipulated by changing the prestrain
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Figure 12. Illustration of 3D helical structures and parameters related to the mechanics model. (a) Schematic drawing of helical structures.
(b) Ilustration of the mechanics model in a Cartesian coordinate system. Reprinted with permission from ref 199. Copyright 2016 John

Wiley and Sons.

applied to the fibers during the prestretching. These
conductive coaxial fibers can be incorporated into various
applications, including electrical interconnects and wearable
heaters, that require large stretchability and stable electrical
resistance.

Conductive Aerogel Fiber. Aerogels generally refer to highly
porous materials with 3D structures that comprise more than
99% air, are supported by either a cellular or fibrous network,
and exhibit many excellent features, like lightweight, high
surface area, and superior thermal insulation perform-
ance.'>¥'#87190 Conductive aerogel fibers, which combine
the merits of aerogels and fibers, have aroused growing interest
in the field of smart textiles and flexible electronic devices.
Compared with bulk aerogels, aerogel-based fibers demon-
strate high flexibility and weavability. Currently, aerogel fibers
have been successfully fabricated from various materials, such
as Kevlar,"”" silica,"”* graphenes,l%’194 carbon nanotubes,'”®
Mxene,'”® conductive polymers,lg7 etc. Different from bulky
aerogels based on a static sol—gel transition (SST) method, the
preparation of aerogel fibers must ensure a continuous and
stable gel fiber by a fast dynamic sol—gel transition (DST)
method that obeys the following two rules: (i) the spinning
dope should have a good spinnability, and (ii) the gelation
process must be fast to maintain the shape of the fiber.'”®

Compressive elasticity in different ranges has been achieved
by a variety of aerogels. However, the achievement of
reversible high stretchability of aerogels remains a grand
challenge because of their brittle interconnections and fragile
networks. A prestretch-freeze/lyophilization—release approach
was demonstrated to achieve the stretchability of aerogel fibers
by encasing the aerogel core with a thermoplastic elastomer
(TPE) sheath functioning as a processable and stretchable
surface layer to protect the aerogel structure from external
forces."”® First, a porous TPE hollow fiber was prepared by wet
spinning TPE/lignin/DMAc dope into ethanol and followed
by removing lignin in water. The hollow fiber was stretched
and injected with conductive dispersions, then lyophilized to
remove water from the core. Finally, the prestrain applied to
the fiber was released, which led to highly stretchable and
conductive TPE-wrapped aerogel fibers (Figure 11). The
buckled structures of the aerogel core and the elastic nature of
the TPE sheath collectively facilitated superb stretchability of
up to 500% of the coaxial fiber with reversible stretching
elasticity. These coaxial aerogel fibers could be evaluated as

high-performance thermal insulators and they have the
potential to be used as deformable and wearable materials.

Twisted Conductive Yarns. The helical structure is
commonly used in fabric-based wearable systems because it
has a small binding force to the human skin and can effectively
release the concentrated strain caused by body movement.*”’
As the stress is loaded, the helix acts like a spring that
continuously releases the strain.”’" Therefore, when the helical
electrode is embedded in the stretchable yarn, the desired
elongation is achieved with a slight fluctuation in resistance. A
theoretical model has been established to reveal the geometry-
elastic and geometry-buckling relationships of the helical
structure. Figure 12 shows the unit cell consists of two
identical arcs with the thickness, t, and the width, w. Each arc
has a radius, R, and a top angle, 6, (typically 0 < 6, < 57/4).
The whole strain energy in this serpentine unit cell primarily
includes in-plane and out-of-plane bending energy, as well as
twisting energy, which can be expressed in eq 12:'%°

OR ( 1)? O,R >
M, = EL / & — L) ds + 1 / R2dS
0 R 0

oR
I .
+G P/o Ky dS (12)

where EI,, EL,, GI, are the stiffness of in-plane bending, out-of-
plane bending, and twisting, respectively; v is the Poisson ratio;
S is the arc length; and &), k,, and k; are the curvatures of in-
plane bending, out-of-plane bending, and twisting, respectively,
among which the curvature of in-plane bending should be
much smaller than the counterpart of out-of-plane bending and
twisting for ultrathin serpentine structures. Two different
strains mainly determine these curvatures: one is the
displacement (U,), and the other is the twisting (¢), as
shown in egs 13 and 14.

. R4,
2=l - (13)
Ky = ¢ (14)

The solutions for displacement and twisting are shown in
eqs 13 and 14, respectively, using the minimum energy
approach.

¢ = (172 = 0.296,)0 [e,,,; (13)
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These two formulas tell us the distribution of displacement
and twisting along this arc when there is an applied strain. The
insertion of eqs 15 and 16 into eqs 13 and 14 can resolve the
out-of-plan bending curvature and twisting curvature, and thus,
the mode ratio, p, (bending domination to twisting
domination) can be obtained, accordingly, as shown in eq 17.

7
S kylds

OR
JAREES (17)

where I%,| and Ik;| are the average curvatures of bending and
twisting, respectively.

Apart from the mode ratio, the maximum strain in the helix
can also be determined by eq 18, shown below,"”’

t
e = B0 g e (19

where F,(6,) is a function of 6. The equation suggests that the
maximum strain of the helix is subject to the applied strain €
the arc angle 6, and the normalized thickness t/R'%°

It is interesting to note that the 3D helical structures indicate
negligible roles of material parameters, such as modulus and
Poisson’s ratio, and cross-sectional geometric parameters, with
predominant roles of applied strain €, and arc angle ¢, for
the distribution and type of the strain.

Experimental and analytical methods also elucidated how
the helical structures affect the fiber’s elasticity and Young’s
modulus. Marion et al. gained an insight into this by presenting
a helical auxetic yarn (HAY) model that probed how the

p:

app’
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geometric parameters influenced the mechanical properties.'”’
The fiber could be considered a helix wrapped around an
elastomeric core (Figure 13a). It was found that the initial
wrapping angle a, is a key geometric parameter in the helix and
it could be defined by eq 13:'%°

ay = tan_l(i)
2rr (19)

where p is pitch, and r is the initial radius of the helix.
Furthermore, for the same helical wire, two types of
elastomers, SEBS and CoCe, were used to investigate the
effects of @, on the tensile Properties of the fiber. Linear
regression in Figure 13a gave: 0o

A_.
Egper = 57400 X tan(ay) X —= + 48.7 MPa
fiber (20)

where A, and Ag,, are the cross-sectional areas of the helical
wire and the whole fiber, respectively. The intrinsic Young’s
modulus of the elastomer is up to 48.7 MPa, which shows that
a, and the cladding material, together, dictate the mechanical
properties of the stretchable fiber-embedded helical electrodes.

A polydimethylsiloxane (PDMS)-coated multifilament poly-
urethane (PU)-based helical conductive fiber was developed by
Woo et al. The fiber benefitted from the helical structures and
exhibited outstanding resistance stability and mechanical
durability even after experiencing 10000 stretching cycles of
100% strain and 1000 cycles of vertical loadings, respectively
(Figure 13c).”” Similarly, highly stretchable and electrically
conductive fibers in a 3D helical shape were obtained by
relaxing the stress of prestretched elastic PU and conductive
copper wires. The electrical performance of this fiber showed a
minor resistance change =0.07% at 200% deformation strain
(Figure 13b).*”” Fibers with supercoil structures were prepared
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Figure 14. Stretchable Ag-based composite fibers for electrical interconnects. (a) AgNP/elastomer composite fiber prepared by injection
forming. The fiber connected to an LED can be stretched to 14% strain. Reprinted with permission from ref 203. Copyright 2011 AIP
Publishing. (b) The LED is connected to two conductive ropes made from Ag nanoflower/PU composite fibers. Ag nanoflower images are
shown as false-colored inset images. Reprinted with permission from ref 79. Copyright 2015 American Chemical Society. (c) Printed elastic
conductor from elastic conductor ink and demonstration of the stretchability. Reprinted with permission under a Creative Commons CC BY
License from ref 53. Copyright 2015 The Authors. (d) Images of blue LEDs connected by AgNW/AgNP-based composite fibers at 0% and
150% strains with 0.1 mA current. Reprinted with permission from ref 49. Copyright 2015 John Wiley and Sons. (e) Bendable and
stretchable LED arrays using cotton yarn-AgNW/PDMS composite fibers as electrical interconnects in the circuit. The LED arrays were kept
operational with no obvious weakening of the light intensity during the cyclic bending test. Reprinted with permission from ref 80.
Copyright 2015 American Chemical Society. (f) A stretchable organic thin-film-transistor active matrix using Ag elastic wire as electrical
interconnects. The active matrix is stretched to about 60%. Reprinted with permission under a Creative Commons CC BY License from ref

53. Copyright 2015 The Authors.

by inserting a twist into Spandex-core fibers wrapped in a
sheath of CNTs. Compared with single helical fibers and other
first coil fibers, these supercoil fibers exhibited superior tensile
properties, with a resistance increase of only 4.2% at 1000%
tensile strain (Figure 13d).”

Highly stretchable and conductive interconnects have always
been a vital building link for electronic textiles. These results
may provide a promising approach for manipulating 3D helical
fibers to obtain high-performance, elastic conductors. The
fibers can be readily integrated into functional components of
complex wearable devices. This strategy offers excellent
potential for the application of functional devices, such as
stretchable heaters, woven optical antennas, etc.

DEVICE APPLICATIONS

Stretchable electronic devices demand simultaneous develop-
ments in stretchable 1D conductor materials and integration
with other device-related manufacturing technologies. This
section presents some examples of electronic devices based on
stretchable 1D conductors ranging from single 1D devices to
multiple 1D-level components with a detailed investigation
into their electrical stability under different mechanical
deformations, such as extension bending and twisting modes.
The range of electronic devices based on stretchable 1D
conductors includes transistors, antennas, energy converters,
energy-storage devices, electric connectors, sensors and
actuators, and heaters.”®> Of these, an emphasis on wearable
electronics, stretchable interconnects/wirings, deformable and

wearable mechanical sensors, tensile and rotational actuators,
and electrical heaters are outlined in this section.
Stretchable Interconnects/Wirings. The development of
stretchable electronics has placed stretchability as a require-
ment on a variety of materials and sections, and interconnects
(used to transmit electrical signals between different modules)
are no exception. The current electrical interconnects in the
market are mainly metallic wires. In the lab, wirelike
macroscopic assemblies of CNT can also serve as electrical
interconnects.’>'%" Both types of wires can be flexible when
their cross sections are thin enough but they lack stretchability.
Among the examples of electrical interconnects made from
stretchable 1D composite conductors (Figure 14), a
stretchable Ag flake/silicone composite fiber was prepared
through injection forming in a high-temperature silicone oil
bath to obtain a uniform diameter of ca. 230 ym (Figure
14a).”> The fiber exhibits high flexibility and possesses high
electrical conductivity (470 + 23 S cm™"). Excellent insulating
performance was provided by coating Ag flower—PU
composite fibers with insulating PDMS.*® Then, an LED was
suspended by Ag flower—PU composite ropes with a 1.8 V
power supply. The elastic composite fibers enabled selective
illumination of the desired area. The LED could return to its
original position after the illumination. The fibers maintained
brightness during the stretching/relaxation (Figure 14b).79Fig—
Figure 14c presents the conductive ink made by adding Ag
flakes to a fluorine copolymer. It can be readily patterned with
conventional printing techniques for highly stretchable wirings
logos.®® Lee et al. constructed a simple circuit of three blue-
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Figure 15. Stretchable liquid metal-based fibers for electrical interconnects. (a) A photograph shows a stretchable charger for an iPod. (b) A
photograph shows a stretchable cable for earphones. The fiber in (a) and (b) was made by injection of a liquid metal alloy into a hollow
elastic fiber. Reprinted with permission from ref 48. Copyright 2013 John Wiley and Sons.

colored LEDs connected with AgNW—AgNP reinforced
composite fibers and visually confirmed the preservation of
the electrical property of the fibers under high strain (Figure
14d). All LEDs showed stable illumination when the fibers
were stretched to 150% strain.*’ Cheng et al. demonstrated
stretchable electrical interconnects in large-area stretchable
electronics by integrating commercial electronic components
(LED) onto a transparent and stretchable substrate by taking
advantage of stretchable composite fibers.*’Figure 14e shows
the LED arrays on a stretchable substrate with integrated LED
arrays connected by cotton yarn—AgNW—PDMS composite
fiber. Lit up at 3 V, the LED arrays shine with stable
illumination during cyclic bending and stretching at 30% strain.
In another example, Matsuhisa et al. constructed a stretchable
organic thin-film-transistor active matrix using the printed Ag
elastic wires (Figure 14f). These devices are more mechanically
robust than Si and serpentine Au interconnects.’” The
transistors are embedded in PDMS where wirings and
interconnections are formed by printing elastic conductors.
The resulting device is soft and resilient to large deformations
up to 60% strain.>>

Zhu et al. demonstrated the application of liquid metal-
based fibers as electrical interconnects by utilizing the
elastomer-encased liquid metal fibers as stretchable wires for
a charger and earphones for an iPod.** A portion of an iPod
charger line was replaced with stretchable fibers (Figure 15a).
The iPod began charging through the stretchable charger and
continued charging while the fibers were cyclically stretched
and relaxed. Moreover, the presented charger replenished the
battery at around the same rate as the commercial one. The
stretchable fibers were also used to replace a portion of the
wires for the earphones (Figure 15b) and to play music
continuously without obvious degradation to volume or sound
quality. This is ascribed to the lower resistance per unit length
of the stretchable fibers than commercial wires, which showed
no degradation in performance because the liquid metal can
maintain its metallic conductivity when stretched. Zhang et al.
used liquid metal-coated elastomer fibers to bridge rigid LEDs.
No apparent change in LED light intensity was observed when
the circuit was stretched to 85% and 210%, which indicated the
minimal resistance change under tensile strain.'*

Deformable and Wearable Mechanical Sensors.
Stretchable 1D conductors are not only crucial components
of electrical interconnects but also important building blocks
for deformable mechanical sensors. Conventional gauges made
from metallic foils or semiconductors for strain detection can
only tolerate small deformations of less than 5%”**~>°° and are

easily destroyed when removed from target samples.
Piezoresistive stretchable 1D conductors are promising
candidates for future deformable mechanical sensors. They
can be adapted to deformable or expandable surfaces or
integrated with wearable textiles,***>*%7%17%207=209

This section focuses mainly on the advances in strain sensors
on the basis of stretchable 1D conductors. The key parameters
for the performance of strain sensors include sensitivity,
stretchability, and linearity. The sensitivity is usually defined by
the gauge factor (GF) and expressed by the relative change in
resistance (AR/R,) with external strain.'***'"*'> A high
sensitivity of the materials is ensured by the initial resistance,
Ry, which has to be low enough by using highly conductive
materials, while the AR needs to be enlarged. The
stretchability is the ultimate uniaxial tensile strain before the
elongation at break, which determines the sensing strain
range.””® The linearity determines how constant the GF is over
the strain range. High linearity and a single linear region across
the entire measurement range make the calibration process
more accessible and ensure accurate measurements throughout
applied strain ranges.*”**'**?'> Recently, stretchable 1D
conductors have been developed toward high stretchability
and sensitivity to be used in applications like deformable or
expandable surfaces, e-skins, and health monitoring sys-
tems.””*'>*'"*7*'7 These piezoresistive 1D conductors are
generally in the form of composites or coaxial fibers. Upon
stretching, the AR/R, increases dramatically because of the
disconnection of the conductive networks.

Wet spinning has been well established to produce
continuous polymer fibers for decades. It is also a robust
route using a single, coaxial, or multinozzle system to engineer
conductive fibers for strain sensors.’**>*%/>%0143:218 preyi.
ously, an AgNP/TPE mixture was wet-spun to create fiber-
based strain sensors, but it was hard to maintain continuous
conductive paths and a homogeneous distribution of the AgNP
fillers.”” A conductive polymer/TPE composite fiber was also
fabricated by wet spinning for stretchable sensors, but it was
challen§ing to maintain both stretchability and sensitiv-
ity."*>'®® PEDOT/PSS polymer fibers fabricated via hot-
drawing-assisted wet spinning were also demonstrated as strain
sensors. However, the maximum stretchability was limited to
20%, and the GF was only 1.8 at 13% strain because of the
brittle nature of PEDOT/PSS.”° We can see that developing a
strain sensor with high sensitivity, stretchability, and linearity
has been challenging for years. Sensitivity and stretchability,
especially, are two seemingly contradictory targets to be
achieved simultaneously.
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Figure 16. Elastomer-encased CNT wires for deformable mechanical sensors. (a—c) The CNT wire/PDMS mechanical sensor responds to
large mechanical deformations and motion detection applications. (a) An SWCNT wire is embedded in the PDMS substrate. (b) An
electrical circuit connected to an LED presents resistance recovery at different mechanical deformations. (c) An electrical circuit connected
to an LED showed resistance recovery after the hammering. Reprinted with permission from ref 63. Copyright 2016 The Royal Society of
Chemistry. (d) Schematic drawing presenting the fragmentation mechanism of the coaxial fiber. (e) Images of a coaxial fiber when stretched
from O to 25% strain and relaxation. D and L, are the average spacing between the cracks and the average crack opening displacement,
respectively. (f) A balloon’s initial and inflated state with three coaxial fiber sensors. (g) Relative change in resistance of the fibers under
continuous balloon inflation. (h) A photograph presents the coaxial fibers attached to a wristband. (i) A photograph shows the bending and
relaxation of the wrist. (j) Relative change in resistance during wrist bending and relaxing. Reprinted with permission from ref 64. Copyright

2018 John Wiley and Sons.

Zhou et al. created a mechanical sensor by embedding wet-
spun CNT wires in PDMS (Figure 16a).”” Through the
application of various mechanical stimuli, the wire becomes
fragmented, and its resistance increases drastically from 360 Q
to infinity in a recoverable manner, even after the electrical
disconnection. The sensor is sensitive enough to present a GF
of 10° at 15% uniaxial strain. The sensors’ sensing performance
and resistance recoverability were demonstrated by wiring an
LED with the sensor. The SWCNT wire resistance was low
enough to light the LED at 3 V (Figure 16b). The sensor also
exhibited resistance recoverability after mechanical deforma-
tion, such as stretching, pressing, twisting, and bending,
thereby presenting that the light intensity of the LED degrades
negligibly from these deformations. Upon extreme impact from
a hammer, the LED went out but readily came back instantly
when the sample was removed from the hammer (Figure 16c).
These results suggest that these sensors are distinguished from
conventional sensors, which cannot restore their sensing
functions after electrical disconnection. However, the stretch-
ability is limited to 15%, which is insufficient for a human
wearable device that needs to accommodate a strain larger than
55%.

A significant deformation of the microstructure is required
to obtain high sensitivity (high GF). Minimization of the effect
of microstructure defects so that the microstructure integrity is
preserved at large deformation achieves high stretchability.

Thus, both characteristics could not be obtained synchro-
nously in the simple design of 1D structures. In a follow-up
study, Zhou et al. showed that this paradox could be overcome
by the fragmentation of conductive CNT wires with high crack
density (17 mm™") in an elastomer fiber (Figure 16d,e).°* The
high crack density is key to increasing the stretchability and
linearity response of the fibers during deformation. The
performance of the fragmented fibers was successfully
demonstrated to sense motions during the expansion of a
balloon (Figure 16fg). They can differentiate the strain
changes at different locations, which shows that they can be
used as strain gauges for detecting strains on expandable
structures. Moreover, these coaxial fibers were integrated with
textiles as wearable electronics for sensor/human interface
interactions, thereby showing that the sensor could detect
motions at different locations on the wrist (Figure 16h,f}j).
Thus, the fragmented coaxial fibers can be used as deformable
and wearable strain sensors.

Tensile and Rotational Actuators. Actuators, also called
artificial muscles, change volume/shape or generate force
responsive to applied external stimuli,"”*'” including electrical
current, temperature, pH, chemical agent, solvent vapor,
relative humidity, etc., 052143145220 plavible actuators, which
can behave like natural muscles, have been widely used in
wearable electronics.”>"*** However, 1D actuators in the shape
of wires, fibers, and yarns are rarely reported. This section
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Figure 17. Stretchable conductive polymer fibers and CNT fibers as actuators. (a) Photograph of a 3 mg PEDOT/PSS fiber bundle carrying a
0.45 g load. (b) A setup illustration shows the actuator’s motion by turning on and off the voltage. (c) The change of displacement with time

at 1.14 V cm™

. Reprinted with permission from ref 52. Copyright 2016 The Royal Society of Chemistry. (d) SEM images show an

overtwisted CNT yarn with entanglements. (e) An illustration of the setup shows an entanglement was fixed to a horizontal rod and attached
by a metal cylinder. (f) Snapshots of the rotating cylinder were recorded during actuation with white arrows pointing to the CNT yarn.
Reprinted with permission from ref 68. Copyright 2013 American Chemical Society. (g) Schematic illustration of contractive and rotary
actuators on the basis of a hierarchical helical CNT yarn. Reprinted with permission from ref 50. Copyright 2015 Springer Nature.

shows examples of fiber-based tensile and rotational actuators
with different external stimuli.

A conductive polymer (PEDOT/PSS) fiber bundle dis-
played linear electromechanical motion under an applied
external voltage. The actuation performance of a 118
conductive polymer fiber bundle in 14 cm length under
isotonic conditions is shown in Figure 17a—c. When the
voltage was applied, the 3 mg fiber bundle lifted 150 times
(0.45 g) the fiber bundle weight. The fiber bundle actuator
took about 6 s to reach a maximum displacement (530 mm)
with a first-order response of 2 s (Figure 17¢).”

The actuation mechanism in the air is well established for
PEDOT/PSS-based actuators. When PEDOT/PSS film or
fiber is subjected to a voltage or an electrical current, Joule
heating induces water desorption in PSS, which results in
volume shrinkage. Actuation in PEDOT/PSS results from an
electro—thermal—mechanical multiphysics coupling that re-
sponds to various actuation stimuli, including electrical current,
temperature, and relative humidity. *>"*>'#150223

Besides linear actuators, Li et al. reported that an overtwisted
carbon nanofiber yarn with entanglement could be fully
resolved and stretched to extensive tensile strains (Figure 17d).
Moreover, the twists can be released under predefined tensile
loads to rotate an object for many cycles with a high-output
energy density (Figure 17ef). After entanglement has been
fully resolved, one can twist it and use it repeatedly after the
entanglement has been fully resolved. These results present a
twist-induced yamn structure and its potential use as a
rotational actuator.”® Chen et al. developed solvent-driven
actuators on the basis of CNT fibers (Figure 17g). Their fibers
responded to solvent and vapor through the hierarchical and
helical structure of aligned CNTs. The primary fibers

19829

containing helical assemblies of MWCNTs were twisted
together to form the helical fibers (Figure 7b). Single-ply
and hierarchically arranged helical fibers can produce
contractive and rotary actuation in response to polar solvents.
The solvents and vapors diffuse through the gaps and then
transport through the nanoscale gaps, which results in a rapid
response and large stroke of the actuating fibers.”’

An electrical field can also drive rotational actuators with
specific designs. Liu et al. demonstrated hierarchically buckled
sheath—core CNT fibers for rotational actuators operating
reversibly by a tension-to-torsion actuation mechanism.'** In
detail, a rubber core fiber was stretched to 1400% strain during
the wrapping of CNT aerogel sheets (denoted as NTSm@
fibers, where “m” represents the number of layers of CNT on
the rubber core). Then, to the outer surface, a rubber layer was
deposited on an NTSm@fiber that was not stretched, followed
by wrapping the fiber with additional CNT layers when the
rubber core was stretched (denoted as NTSn@rubber@
NTSm@fibers, where “n” represents the number of layers of
CNT on the thick rubber coating). A high-stroke rotational
actuator was achieved by inserting a twist into the sheath—core
NTSn@rubber@NTSm@fibers and maintaining a constant
fiber length. This actuator operated isobarically so that it
provided both tensile and rotational actuation. The maximum
electric field applied to the fiber was between 10.3 and 11.7
MV/m. For an NTS10@rubber@NTS20@fiber actuator, the
rotational stroke reached a maximum value of 21.8° cm™ for
the 0.9 mm diameter fiber.'**

Wearable Heaters. Electroactive materials capable of
converting electrical to thermal energy demonstrate tremen-
dous potential for heating components in wearable textiles.”**
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Figure 18. Stretchable conductive polymer fibers and CNT fibers as electrical heaters. (a) The thermal photographs of the PEDOT/PSS fiber
bundle at different voltages. (b) A picture of the circuit with a heatable glove. (c) A thermal image shows a temperature distribution of the

conductive fiber bundle on a textile glove at 1.2 V cm™

!. Reprinted with permission from ref 52. Copyright 2016 The Royal Society of

Chemistry. (d) Optical and infrared images of hierarchically and helical CNT yarn during deformation. (e) Photograph of the heating textile
using stretchable CNT yarns. (f) Infrared image of the heating textile wrapped on the wrist. Reprinted with permission from ref 95.

Copyright 2018 John Wiley and Sons.

They are helpful for wearable applications, such as thermal
therapy, when affixed to the human body.

Among electroactive materials, PEDOT/PSS conductive
polymer fibers are very promising for these applications
because of their tunable electrical conductivity. They can be
easily used as low-voltage driven heaters. Zhou et al.
demonstrated the fast electrothermal heating process of
PEDOT/PSS conductive fibers made through a hot-drawing-
assisted wet spinning and solvent post-treatment.””””*'® The
first-order response time of a 2 cm long single PEDOT/PSS
fiber (3136.6 S cm™') was 1.2 s by applying 7 V cm_ for 25 s.
The heating rate was estimated to be 63 1 °C s, which is a
faster response rate than other heaters.””Figure 18a shows the
temperature of a fiber bundle increased with voltages, which
indicates the Joule heating effect of the conductive polymer
fibers. Figure 18b,c demonstrates the use of PEDOT/PSS fiber
bundles as a wearable heater. A heating glove was fabricated by
knitting a PEDOT/PSS fiber bundle onto the textile glove.
These conducting fibers show excellent stretchability (16 to
21%), compared with metallic wires or CNT fibers (1 to 8%),
to avoid damage from knitting or repetitive tensile and bending
strains. The steady-state thermal image at 1.2 V cm™ shows a
temperature map of the PEDOT/PSS fiber bundle, with a
predominately homogeneous temperature distribution of the
coiled fiber bundle. Moreover, the fiber bundle produces heat
along the conductive paths where the bundle extends and into
the spaces between adjacent areas.”

By designing a hierarchically helical structure, both Liu et al.
and Chen et al. created a CNT fiber with good mechanical and
thermal behaviors in their works.'**" This structure allowed
the aligned CNT fibers to present high stretchability without
reducing the electrical conductivity and extended the
distinguished performances of CNT that were crucial for
heaters to the microfiber. Moreover, these fibers also present
toughness, softness, fast thermal response, and low-operation
voltage. At a steady voltage, the temperatures of the helical

fiber dropped by 35 °C within 40% strain and only 15 °C
within the rest strain up to 140% (Figure 18d). These CNT
fibers can be woven with copper wires and cotton threads into
textiles for wearable heaters (Figure 18e). The heating textiles
exhibit stable performance under distortion, which makes them
practical for wearable uses, such as wound heahng and drug
delivery when attached to a wrist (Figure 18f)."*

Large-Area Multifunctional Smart Display System.
Smart textiles, which consist of versatile electronic devices on
the basis of fiber substrates, have led to breakthroughs in
material and process developments.””’"**° Unlike flexible
electronics in which digital devices are printed or deposited
on flexible substrates, fiber or textile electronics exhibit far
fewer constraints in terms of the size of fabrication methods
and flexibility because of fiber structures and weaving
processes. Therefore, it provides more degree of freedom for
structural design. With the development of textile technology,
the system architecture of fabric integrated with electronic
devices will no longer be an illusion. Textiles with multiple
functions are emerging, and forward-looking functions are
being explored.

This promise to revolutionize the way we interact with
electronic devices is one of the goals of wearable technology.
Despite the great strides in smart textiles for display/lighting
applications, scalable approaches for integrating multifunc-
tional smart display systems are rarely reported. Large-scale
systematic integration of discrete fiber devices into textiles will
face serious challenges, including (i) structural design and
compatibility between fibers and digital devices, (ii) non-
destructive weaving patterns, (iii) applications in textiles
platform interconnection methods, and (iv) real-time signal
processing/coding.”*’

For instance, Shi et al. have prepared a long and wide display
that contains S X 10° electroluminescent units by weaving
conductive and luminescent fibers with cotton yarns to form
luminescent units in a textile, thereby demonstrating touch
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sensing and biosignal detection capabilities (Figure 19a,b).>*
The intensity for a vast proportion of units can maintain
stability after 1000 cycles of stretching. This method is simple
and can readily form multifunctional integrated smart textiles
for various applications. Choi et al. demonstrated the smart
textile display system by coupling multifunctional fiber
devices.””® The one-fiber LED output and six input devices
are compatible with both symmetric and asymmetric weaving
patterns and have been integrated into a single smart textile
display system. These design prototypes exhibit tremendous
prospects for realizing applications in healthcare, smart home
furniture, electronic communications, etc.

CHALLENGES AND OUTLOOK

Despite the encouraging advances in 1D conductors and their
applications, stretchable 1D conductors or device prototypes
are still in the early stages of growth and development.
Scientific, engineering, and safety challenges must be overcome
before they can be mass-produced and fully integrated into
actual devices. It is a necessity to present the current challenges
and explore directions for stretchable 1D conductors. This
demands metal-level conductivity, structural or functional
consistency under large deformation, durability over time,
integration with textile technology, comfort, scalability, safety,
and cost-effectivity.

Safety. Safety, among all aspects, is the priority to be
considered in the practical application of the 1D stretchable

conductors. Many conductive materials bring safety concerns
over their preparation process or when they come into contact
with a human. For example, the handling of a strong acid like
chlorosulfonic acid, which has been used to disperse CNTs (2
to 6 wt %) to achieve spinnable liquid crystal dope, brings
enormous risks to personnel and the environment.”*"***
Although, CNT fibers or yarns demonstrate high strength
and good electrical conductivity, there is always concern about
the risk of cancer through exposure and inhalation.”> As a
result, it is preferred to encapsulate CNT-based products for
their use near the human body. Gallium-based liquid metals,
with a lower vapor pressure at room temperature, have become
materials of interest for fabricating stretchable 1D conductors
and are now encased in elastic channels to replace liquid
mercury. Their ability to store mechanical energy gives them
the advantage of stretching without losing high conductivity.
Although gallium-based liquid metals were suggested to have
low toxicity, leakage of the liquid metal during the encasing
process still poses risks, and their impact on the human body is
unclear.*®>' Moreover, if the elastomer-encased liquid-metal
fiber is stretched beyond its maximum strain, the liquid-metal
splash can quickly contact or even enter the human body."
Therefore, stretchable 1D conductors should be fabricated
from safe and highly biocompatible materials, and when
materials in question have no alternative, effective encapsula-
tion strategies should be employed to ensure safe handling and
nontoxic exposure.
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High Conductivity and Stretchability. The electrical
conductivity of current stretchable 1D conductors is more than
1 order of magnitude lower than that of commercially available
copper wires. Each strategy to achieve stretchability is limited
to specific material or structure, and no universal strategy
currently exists. Furthermore, only structural engineering
strategies can introduce stretchability to a 1D conductor,
such as CNT fibers and metal wires, because of their
intrinsically rigid nature. These limitations impose device
fabrication and system integration challenges and have become
the focus of electronic system development research.

Prototype Devices. In terms of developments and
applications of prototype devices, some of them are still in
the very early stages, and the involved demonstration (under
certain experimental conditions) does not necessarily reflect
their practical performance. The use of stretchable 1D
conductors for electrical interconnects is not apparent. For
example, the conductor’s ampacity (current density) is an
important criterion but barely reported.'*® The washability of
the conductor is also a practical concern for use in wearable
electronics. Although the demonstrated prototypes show good
prospects, they are still far below the requirements of large-
scale applications.

Large-Scale Production. Scalable, continuous production
of stretchable 1D conductors is critical. The top-down
approaches, like melt and wet spinning techniques, have seen
great success for continuous filaments because of their
compatibility with large batch fabrication. However, additional
steps are required to introduce stretchability to the materials
and sometimes add complexity to the manufacturing process.
For instance, the “pre-strain induced buckling” approach
presently limited to CNT-based materials can only reach
tens of centimeters in length.*®

Textile Mill Manufacture Compatibility. Many compli-
cated fabrication steps make it difficult to produce on a large
scale. For example, a fiber needs to be densified for application,
and the CNT core must be fragmented to serve as a high-
performance strain sensor.”* Presently, it remains impossible to
assess if the current lab-scale synthesis and bottom-up
assembly methods can achieve the same level of precision
and uniformity when scaled up.

Integration and Multifunction. It is still challenging to
achieve the monolithic integration of multiple functionalities
into a single fiber. The size of the functional materials needs to
be scaled down while maintaining their functionalities to
increase device density on a single fiber.'*" Thus, nanomateri-
als, such as nanoparticles, nanowires, and nanoplates, with
ideal rheological properties, can retain their functionalities at
lower dimensions and become a good candidate to be
integrated into multifunctional and high-performance fibers.
It seems almost inevitable that with the emergence of
multifunctional fiber conductors with sophisticated nanostruc-
tures and fiber architectures, quantities of electronic function-
alities will be scaling in capabilities.

Structural Design. The fundamental theory of the
formation of nanostructures, as well as the interplay between
structures and properties, are still poorly understood.
Mechanical models and theoretical simulations are strongly
desirable to guide the structural design of fibers, which would
enhance comprehensive performances, unveil numerous
applications, and enable the practical implementation of fiber
conductors.

Environmental Stability and Mechanical Durability.
To date, the electrical properties of most stretchable 1D
conductors deteriorate with repetitive stretching and release
cycles. The long period of chemical and physical stability, or
conductivity stability, of conductive surfaces needs further
investigation before practical use. For materials and/or devices
used on the human body or in the natural environment,
ambient (humidity, solar radiation, and atmosphere)-stable
materials are preferred. In addition, encapsulation strategies
need to be developed to protect unstable materials or parts.
Moreover, reliable electric interconnects among each con-
ductive element must be established to ensure that the entire
system is robust. For hydrogel-based fibers, loss of water may
occur to dramatically decrease their stretchability. In addition,
while the electrical conductivity of hydrogel fibers can satisfy
applications such as sensors, the low mobility of ions in
solution limits the electrical conductivity of fibers. There is also
a risk of redox reactions (water electrolysis) when the voltage
is greater than 1 V. For example, even a 3 mm diameter LED
bulb requires an operating voltage of around 2 V, which is
beyond the capabilities of normal hydrogels.

Other Challenges. For wearable materials, stretchable 1D
conductors must be integrated with textile materials. There-
fore, it should withstand exposure to a cleaning environment
and the shear force induced by washing to perform consistently
over time. More effort is needed to verify if a protective layer is
needed. Attention must also be extended to challenges like
durability under extended and repeated use, cost-effectiveness,
and integration between 1D stretchable conductors and other
required components, including electrical circuits and
mechanical sensors.

The development and existing challenges in stretchable 1D
conductors also lead us to think about future directions.
Material innovation is critical to the design and development
of breakthrough technologies to address these challenges. Of
course, suitable and safe materials and newly designed
manufacturing technology for wearable electronics are
imminently needed to achieve better performance than the
current stretchable 1D conductors, as well as the scalability of
the 1D stretchable conductors. Interdisciplinary collaboration
is crucial, particularly in materials chemistry, materials
engineering, electrical engineering, and mechanical engineer-
ing.

CONCLUSIONS

This work presents a critical review of the advances in the
architecture and fabrication strategies of continuous, stretch-
able 1D conductors in the forms of wires, fibers, and yarns.
The 1D conductors are grouped into three major categories:
rigid 1D conductor, piezoresistive 1D conductor, and
resistance-stable 1D conductor. This review focuses on the
latter two in terms of critical developments with their timeline.
This review also summarizes how the structure of the materials
can be manipulated by selected fabrication strategies to
optimize the properties of stretchable 1D conductors. For
example, piezoresistive 1D conductors require significant
resistance changes upon deformation, while a resistance-stable
1D conductor requires both low and steady resistance when
being deformed. Such features could be realized using specific
material synthetic and preparation methodologies. Recent
advances in representative stretchable 1D conductors are
reviewed to focus on conductive polymer fibers, composite 1D
conductors, carbon nanomaterials-based 1D conductors,
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conductive coaxial fibers, etc. The applications of stretchable
1D conductors as stretchable interconnects, deformable
mechanical sensors, actuators, and stretchable heaters are
presented. Although the demonstrated prototypes of various
stretchable 1D conductors show good prospects, they are still
far below the performance required by commercial electronics.
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VOCABULARY

1D conductor, conductive materials in the forms of fibers,
wires, or yarns; wearable electronics, wearable products with
implemented electronic and smart devices to achieve daily

functionalities; electronic textile, textiles capable of embedding
electronics, such as batteries, lights, sensors, and micro-
controllers; stretchability, the ability of a material to be
stretched while maintaining its functions normally; resistance
stability, the performance that the relative change in resistance
of the 1D conductor is less than 100% when applied a certain
strain; structural design, the design of the architecture and
morphology in different dimensions to realize high stretch-
ability and resistance stability
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